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The Golgi apparatus is the main crossroad of intracellular traffic 
events in eukaryotic cells. This central position confers a cru-
cial role to this organelle in maintaining proper cellular orga-
nization and provides an important template for the integration 
of regulatory signals. Hence, besides its central role in protein 
sorting, the Golgi is also an important site for protein and lipid 
modification as well as a platform for several signal transduction 
pathways.1-3 To perform these functions, the Golgi apparatus is 
composed of a succession of sub-compartments or cisternae rec-
ognizable by their biochemical content.4,5 In most cells, Golgi 
cisternae are organized as a series of flattened stacks, even though 
this structure is not universal. One of the most noticeable excep-
tions is the budding yeast S. cerevisiae, where the Golgi apparatus 
is composed of scattered and mobile cisternae able to maintain 
their sub-compartmentalization despite their discrete spatial 
localization.6 

In general, newly synthesized proteins transported from the 
ER to the Golgi enter this organelle on the cis-side and progress 
through the different compartments before leaving the organelle 
from the trans-Golgi network. How this progression is achieved 
without altering the overall structure of the Golgi is still a matter 
of debate. On one hand, the cisternal maturation model consid-
ers single Golgi stacks as dynamic entities changing with time, 
and limits the role of vesicular transport to the recycling of resi-
dent proteins to earlier compartments. On the other hand, in the 
vesicular transport model, small vesicles carry material between 
stable cisternae in both the anterograde and retrograde direction. 

The Golgi apparatus is the central protein sorting station inside eukaryotic cells. Although many regulators of Golgi 
trafficking have been identified, little is known about their crosstalk. Both the Arf activation cycle and phosphatidylinositol-
4-phosphate metabolism have been recognized as key processes in the regulation of vesicular transport from this 
organelle. However, the mechanism ensuring proper co-regulation of these processes has eluded our understanding 
thus far. We recently identified a physical interaction between the late yeast Golgi Arf activator Sec7p and the PI4-kinase 
Pik1p, and showed that the two proteins cooperate in the formation of clathrin-coated vesicles. This finding gives the first 
insight on the coordinated generation of a dual key signal by a small GTPase and a signaling phospholipid at the Golgi. 
In addition, it opens new perspectives for a better understanding of Golgi maturation through coordinated regulation of 
the highly dynamic lipid and protein composition of this organelle.

Co-regulation of the Arf-activation cycle and 
phospholipid-signaling during Golgi maturation

Yvonne Gloor,1,† Thomas Müller-Reichert1,2 and Christiane Walch-Solimena1,3,*

1Max Planck Institute of Molecular Cell Biology and Genetics; 2Medical Theoretical Center; Medical Faculty Carl Gustav Carus; Dresden University of Technology; Dresden; 
3Administrative Headquarters; Max Planck Society; München, Germany

†Current Address: Department of Molecular Biology; University of Geneva; Geneva, Switzerland

Keywords: Arf-guanine nucleotide exchange factor, phosphatidylinositol-4-kinase, coincidence detection, Golgi maturation

A considerable body of evidence supporting either model, or 
variations thereof, has been presented but no study could yet 
unambiguously prove the validity of either of these models.7-12 
Recently, however, two parallel studies in S. cerevisiae following 
the distribution of early and late Golgi markers over time dem-
onstrated that Golgi cisternae do mature over time in this model 
organism.13,14 

Since the discovery of the Golgi apparatus, many factors 
involved in its function, from traffic regulators to resident gly-
cosylation enzymes, have been identified. Although the molecu-
lar characterization of these proteins has unraveled a number of 
mechanisms underlying vesicular transport and protein modifica-
tion, the fundamental processes maintaining Golgi homeostasis 
and regulating protein sorting at this organelle are still enigmatic. 
In addition, the role of lipids and the interplay between lipid and 
protein regulators at the Golgi are largely missing.

Both Arf regulation and phosphatidylinositol-4-phosphate 
(PI4P) metabolism are essential for Golgi function. Activation of 
Arf GTPases at the Golgi promotes the formation of both clath-
rin and COPI coated vesicles and is catalyzed by Arf guanine 
nucleotide exchange factors (Arf-GEFs) of the BIG/GBF sub-
family.15 However, the recruitment of a subset of Arf effectors 
requires the presence of PI4-phosphate in addition to activated 
Arf. How the simultaneous generation of two membrane recruit-
ment signals is controlled is therefore a central question for our 
understanding of the regulation of vesicular membrane transport 
from the Golgi. 
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the sec7-4ts strain never reach a size comparable to the ones in 
pik1–101ts or gea1–6tsΔgea2 and no extensive tubulation of the 
internal structures was observed. Berkeley bodies were never 
obviously associated with the ER or any other membranes and 
have previously been observed in a variety of mutants affect-
ing TGN exit and are likely to derive from late Golgi compart-
ments.18,25 Hence, although Pik1p collaborates with Sec7p to 
recruit specific effectors to the late Golgi, pik1–101ts mutants 
accumulate abnormal membrane structures characteristic for 
both classes of Golgi ArfGEF mutants. This data suggests that, 
in addition to its role in coincidence detection together with 
activated Arf, PI4P production could be important to main-
tain the integrity of Golgi compartments beside the TGN, and 
Pik1p, as the sole yeast Golgi PI4-kinase might play a direct role 
in controlling organelle maturation.

The unique properties of the Golgi apparatus, which are 
reflected both by its unusual architecture and the dynamics of 
its remodeling remain a fascinating field of investigation. As 
evidence accumulate to support the cisternal maturation model 
in small organisms as the budding yeast S. cerevisiae, we now 
have to define/determine the role of vesicular transport in this 
context, identify the driving forces underlying the maturation 
process and understand how these events are co-regulated. Both 
Sec7p and Pik1p are likely candidates for a regulatory network 
which ensures the integrity of the Golgi apparatus by coordinat-
ing the flux of material entering and leaving this organelle with 
evolution of the cisternae. It will be interesting to extend the 
present findings to other organisms as the validity of the differ-
ent Golgi progression models is presumably organism7 and even 
cell-type dependent. In animal cells having more rigidly struc-
tured Golgi stacks, maturation is likely to be a slow process and 
the forward transport mainly supported by vesicular carriers, 
while in simpler organisms like budding yeast lacking discern-
able stacks, cisternal maturation might take the upper hand.

Material and Methods

Yeast strains used for electron microscopy were CSY712 (MATα 
ura3–52 leu2–3,112 pik1–101), yGY166 (MATα ura3–52 leu2–
3,112 his3Δ200 gea1–6Δgea2::HIS3) and AFM69-1A (MATα 
ura3-1 leu2 his3–11,15 sec7-4). AFM69-1A is a gift from D. 
Gallwitz. Yeast cultures, grown to early log phase, were cryo-
immobilized using an EMPACT2 + RTS high-pressure freezer 
(Leica), freeze-substituted in acetone containing 1% OsO

4
 + 

0.1% uranyl acetate and embedded in Epon/Araldite.26 Thin 
sections (70 nm) were stained with 2% uranyl acetate in 70% 
methanol and lead citrate and observed with a TECHNAI 12 
(FEI) transmission electron microscope operated at 80 kV.
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In our efforts to unravel the interplay between key players of 
Golgi membrane transport in the small budding yeast S. cerevisiae 
we recently identified a physical interaction between the Arf-
GEF Sec7p and the phosphatidylinositol (PI)-4-kinase Pik1p.16 
We demonstrated that Pik1p specifically interacts with only one 
of the three Golgi Arf-GEFs, and the two proteins share a com-
mon function in regulating the formation of clathrin-coated 
vesicles. We therefore proposed that the physical interaction 
of Pik1p and Sec7p coordinates Arf activation with PI4P pro-
duction to generate a dual key recognition system controlling 
the specific recruitment of clathrin coats to the late Golgi. In 
addition, the extensive co-localization studies performed in the 
course of this study suggest that Gea1p and Gea2p, an alter-
native pair of Arf activators at the Golgi that do not bind to 
Pik1p, function at a different Golgi compartments and affect 
an earlier transport step than Sec7p and Pik1p. In agreement 
with the maturation model, our experiments suggested a minor 
overlap between the two kinds of compartments, which could 
reflect the evolution from one stage to the next by the progres-
sive replacement of membrane proteins.

The interaction between Sec7p and Pik1p is interesting to 
consider from the perspective of the maturation model. As 
lipid composition changes and membrane asymmetry increases 
between ER and plasma membrane, maturation of the Golgi 
apparatus does not only require a profound change in the pro-
tein but also the lipid composition of the Golgi membrane. This 
implies an important role for lipid modifying enzymes  Pik1p 
not only in vesicle formation but also in the maturation process 
itself. 

In the course of our studies, we prepared electron micros-
copy samples from different mutants (pik1–101ts, gea1–6tsΔgea2 
and sec7-4ts) to directly compare the abnormal membrane accu-
mulation described for each of those mutants.17-24 As expected, 
both sec7-4ts and pik1–101ts mainly accumulated Berkeley bod-
ies (Fig. 1C, E and F), while gea1–6tsΔgea2 double mutants 
were devoid of them. These latter mutants preferentially 
accumulated various large and intricate membrane aggregates 
(Fig. 1A and B). Interestingly, some of these larger structures 
were also observed in the pik1–101ts sample although less fre-
quently (Fig.  1D). As previously reported, a certain degree 
of ER swelling was also observed in all gef mutants, but not 
pik1–101ts. The large multi-lamellar structures seen in pik1–
101ts and gea1–6tsΔgea2 are unlikely to be multivesicular bodies 
(MVBs) (arrows in Figs. 1A, B and D). Even if their shape 
sometimes reminds of these late endosomal intermediates, the 
structures observed here are more heterogeneous and compari-
son between different sections suggests a fenestrated structure 
rather than internalized vesicles. The origin of the large fenes-
trated compartments accumulating in both gea and pik1–101ts 
mutants is not clear. Due to their proximity to ER membranes 
and the involvement of Gea’s in retrograde transport from the 
Golgi, it is tempting to speculate that there could be a connec-
tion between these structures and early Golgi compartments. 
However, additional work is required to identify proteins asso-
ciated with these structures. The small involuted structures in 
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Figure 1. pik1–101ts cells accumulate structures observed in either sec7-4ts or gea1–6tsΔgea2 Samples from gea1–6tsΔgea2 (A and B), pik1–101ts (C and 
D) and sec7-4ts (E and F) were prepared for electron microscopy by high-pressure freezing. Both pik1–101ts (C) and sec7-4ts (E and F) preferentially ac-
cumulate Berkeley bodies. The larger membrane structures accumulating in gea1–6tsΔgea2 (A and B) are occasionally also found in pik1–101ts (D). These 
structures can be sorted into two categories, either multi-layered ring-like structures (asterisk) or multi-lamellar structures (arrow). Bar = 500 nm.
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